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Experimental M1 transition rates in highly charged Kr ions
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Atomic level lifetimes have been measured on magnetic dipole (M1) transitions in Si-like, P-like, Ar-like,
K-like, and Ca-like ions of Kr, using an electron-beam ion trap in magnetic trapping mode. The lifetimes are
compared to various predictions, including the results of different calculations. In Ar-like ions, magnetic
quadrupole (M2) transitions have been identified as significant competing decay channels.
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I. INTRODUCTION

Because of the strong dependence of electrostatic t
differences on the ionic charge, the prominent electric dip
(E1) transitions of highly charged ions lie in the vacuum
ultraviolet or x-ray ranges and feature upper-level lifetim
in the picosecond range. The fine structure intervals in m
erately highly charged ions, however, are so much sma
that magnetic dipole (M1) and electric quadrupole (E2)
transitions between fine-structure levels give rise to tra
tions in the visible spectral range. In the absence of com
ing decays, as is the case for the ground configuration
heavy ions, the typical level lifetimes are in the milliseco
range. Such transitions are most useful for the diagnosti
laboratory and solar plasmas@1,2#, because they relate to th
lowest levels, and thus, are most easily excited. They pe
the application of optical high-resolution techniques, and
low enough in transition rate so as to grant observation
larger optical depths than doE1 transitions. However
atomic measurements on the millisecond time scale req
the ions to be trapped for the duration of the measurem
Various trapping schemes have been demonstrated, usin
traditional ion traps, a heavy-ion storage ring, or an electr
beam ion trap@3#.

Krypton is being discussed as a radiation blanket elem
for cooling the plasma edge and divertor regions in the n
generation of fusion test devices. However, spectrosco
knowledge of the various charge states of krypton is spars
best and nonexistent for many ions@4,5#. A recent develop-
ment has been the use of an electron-beam ion trap for
spectroscopic study of highly charged ions, and the scop
the experiments has rapidly developed from survey spe
to fairly high resolution work@6–10#. In the course of these
studies, it was found that the visible spectra of high
charged ions of many elements in the low-density envir
ment inside the electron-beam ion trap are dominated by
so-called ‘‘forbidden’’M1 transitions, many of which hav
not yet been classified. This classification is hampered by
steep scaling of the fine-structure intervals~and thus, theM1
transition wavelengths! with the nuclear chargeZ and the
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ensuing lack of data to establish isoelectronic trends
inter- and extrapolation, as well as the persistent difficult
of theory in calculating fine-structure intervals to a use
precision. Because of the latter problem, calculations of
transition rates are even more uncertain~the M1 transition
rates scale with the third power ofZ), unless the calculated
energy intervals can be adjusted semiempirically. Exp
mental information on the fine-structure intervals that ma
up the full transition energy of theM1 transitions so far has
often been available only as small differences of large nu
bers~and thus, imprecisely!, from extreme-ultraviolet spectra
of tokamak plasmas@11#.

The electron-beam ion trap has demonstrated its capa
ity for precisely determining transition rates with atomic lif
time measurements in the millisecond and submilliseco
ranges@12,13#. Closest among those studies to the pres
subject of visible transitions in highly charged Kr are t
preceding studies on Ar, Kr, and Xe@6–8,14–16#, and in
particular on KrXXIII , the spectrum of the Si-like ion Kr221

@7,8,17#. In the latest of these investigations, lifetime me
surements with a precision of up to 2% have been achie
at the Livermore electron-beam ion trap EBIT-II. All of thos
measurements concerned unbranched decays. In the gr
configurations of many ions, however, branched decays
also common that may feature one optical decay branch
is accessible to efficient observation, while the total intens
is shared with other branches in less efficiently covered o
ranges of the spectrum~such as the vacuum ultraviolet!.

In the present paper, we report on lifetime measureme
on low-lying levels of Si-like~no other experimental dat
beyond@8#, but included for completeness!, P-like, Ar-like,
and K-like ions of krypton, as well as on a line that featur
similar properties, but remains as yet unidentified~we sug-
gest identification with the Ca-like ion of Kr!. We also
present the results of different calculations, since such
bidden transition rates are calculated ‘‘simply’’@18# only in
principle, but not in practice, and because the published
culations do not cover all cases of present interest.

II. EXPERIMENT

The experiment was done on EBIT-II, the smaller one
the two electron-beam ion traps at the University of Califo
nia Lawrence Livermore National Laboratory. The expe
mental technique has been detailed before@8,16#, so that a
:
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few general remarks should be sufficient here. The elec
beam in an electron-beam ion trap serves to excite atoms
ions, provides space-charge compensation for the ion c
produced and contributes to radial trapping by an attrac
potential. For this, the electron beam is being compres
and guided by a strong magnetic field (B53 T), and it runs
along the axis of symmetry of a series of cylindrical dr
tubes. The latter are staggered in positive potential, so
ions can be trapped axially. In the present paper, krypton
bled into the trap under ultrahigh vacuum conditions~the
pressure inside EBIT-II is of the order 10210 mbar and less!.
The gas plume intersects the electron beam inside the
volume, where then successive ionization~and some recom
bination! take place until a charge-state balance is reach
The ionization ends at a stage where the electron-beam
ergy can no more overcome the ionization potential. T
implies that by a variation of the electron-beam energy,
charge-state balance can be adjusted and a maximum ch
state be predetermined.

For the lifetime measurement, the electron-beam ion t
was run in a cyclic mode. For example, an electron beam
about 1.2 keV energy was used to produce an approp
charge-state distribution that included Kr211 among the high-
est charge states reached. Then the electron beam
switched off while the optical emission was monitored. Aft
a period corresponding to about ten times the expec
atomic lifetime, the remaining ions were expelled from t
trap ~by lowering one of the end drift tube voltages! and the
cycle started anew.

Even after the electron beam that usually provides an
tractive potential and space-charge compensation is switc
off, the ion cloud remains trapped in a Penning ion tr
formed by the strong magnetic field and the 250 V differen
drift tube voltages, in the so-called magnetic trapping mo
of the electron-beam ion trap@19#. Upon switching, the ion
cloud expands somewhat, but then remains stationary. L
emission from the ion cloud is collected by an optical syst
with a 10 cm diameter,f/4 lens system and transported to
low-noise photomultiplier tube~Hamamatsu R2557, 13 mm
diameter, head-on design!. A free-running 100 kHz fre-
quency generator provides time markers for a fast scaler.
arrival of a photon signal triggers the digitization of the tim
value in the scaler@20#, and the number of time markers
stored in the event mode system as a time stamp for
event. In the present paper, the ion trap was cycled ev
about 200 to 250 ms, with about equal time spent on
production and excitation on one hand and the electron-b
off for the observation of decay curves on the other. At
electron-beam energies used here~0.65 to 1.4 keV!, the
switching of the electron-beam acceleration voltage and
the electron-beam current required about 30ms, which is
much faster than the atomic lifetimes studied~of 800 ms and
more!.

III. CALCULATIONS

For their extensive~though incomplete! tabulation of for-
bidden transitions in then52 and 3 shells~up to 3p), Kauf-
man and Sugar@21# employed Dirac-Fock and Cowan cod
04251
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calculations to derive missing line positions and transit
rates. The latter code was also used by Crespo Lo´pez-Urrutia
et al. @6# in their search for identifications of unknown line
including estimates of transition rates. However, little det
on the calculations is given in either of those studies.
therefore supplemented the published calculations by
own. These were of two types, the Hartree-Fock appro
with relativistic corrections~HFR method! using the Cowan
code @22#, and a multiconfiguration Dirac-Fock~MCDF!
code as originally presented by Grant and McKenzie a
coworkers@23,24#. The first technique is very useful for ob
taining reliable level-structure information after semiemp
ical adjustment of certain parameters. According to a w
established semiempirical procedure@22#, the electrostatic,
Fk (a,b), Gk (a,b), the spin-orbit,znl , and the configura-
tion interaction integrals,Rk (a,b;c,d), were first calculated
ab initio using the HFR method and were then, in a seco
step, considered as free parameters and adjusted in ord
fit the calculated eigenvalues of the Hamiltonian to the o
served energy levels. Some correlation effects involving d
tant configurations, not explicitly introduced in the physic
model, were implicitly considered by scaling down the Sla
integrals. The second, fully relativistic, MCDF method w
applied for obtaining transition rates of higher-multipol
order transitions.

IV. DATA AND DISCUSSION

In previous work of the Livermore EBIT group, a numb
of forbidden transitions in multiply to highly charged ions
Kr have been recognized in survey spectra of the visi
range. Very few of such lines were known before@21#, and a
few more of these could be classified, varying the electr
beam energy in the electron-beam ion trap in order to de
mine their excitation thresholds@6#. This investigation has
since been continued with better spectral resolution@10#.
Lines were associated with K- to Si-like ions of krypton. O
line at 545.3 nm, by its appearance clearly in the same c
as the identifiedM1 transitions, has not yet been identifie
As its production threshold is lower than that of the lin
associated with the K-like ion, it is bound to result from o
of the next isoelectronic sequences with a 3dk configuration.
However, these ions differ so little in ionization potential th
an unequivocal identification of the charge state was not
sible.

Some of the optical decay curves~samples are shown in
Figs. 1 and 2! showed first a steep drop, as is encounte
often in optical lifetime measurements using an electr
beam ion trap. This drop originates from a combination
ending the prompt emission by ending the excitatio
changes in the brightness of the electron gun filament,
some initial ion loss from the observation zone.~Occasion-
ally, one finds trap parameters that result in practically
sudden drop, and thus permit to exploit the excited io
best.! Next followed the curve part of interest with the life
time component of principal interest. In curves of a hi
signal-to-background ratio, often a third, much slower, co
ponent~associated with charge-exchange processes, see
low! appears that then dips into the detector-dark rate do
1-2
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EXPERIMENTAL M1 TRANSITION RATES IN . . . PHYSICAL REVIEW A 64 042511
nated background. The characteristic time of the princi
component was determined from up to four measurem
per line, under different conditions~variation of excitation
energy, cycle time, and trap depth!.

The apparent optical lifetime results from a combinati
of radiative decays~this transition rate is wanted! and ion
losses from the sample under study~by collisional diffusion
across the magnetic field, evaporation from the stored
cloud along the magnetic field, and overcoming the confin
electrical potential walls, or charge-exchange~CX! colli-
sions, most likely with the neutral rest gas!. No appropriate
measurements of the storage time constant for Kr ions in
magnetic trapping mode~electron beam off! are available,
because the ions of present interest have no x-ray de
channels that could be monitored best for such CX p
cesses. We therefore can only estimate the associated u
tainties of the atomic lifetime results. With lighter ions~Ar,
K! than krypton, ion storage lifetimes of order 250 to 500
were measured in experiments close in time and to o
running conditions of the present experiments@25#. How-
ever, it is well known that heavy ions are confined mo
effectively than light ions while the electron-beam ion trap

FIG. 1. Photon signal~logarithmic scale! obtained with KrXIX

at a wavelength of 402.7 nm~decay of the 3s23p53d 3P2 level!,
after the electron beam in the electron-beam ion trap is switched
~magnetic trapping mode!. A background of 150 counts per chann
has been subtracted from the data.

FIG. 2. Photon signal~logarithmic scale! obtained with lines
from both KrXIX ~decay of the 3s23p53d 3F2 level! and an uniden-
tified ion of Kr ~probably Kr161 seen through a filter centered at 57
nm with 50 nm bandpass. Out of the full data, only the part a
switching off the electron beam is shown. A background of 26
counts per channel has been subtracted from the data.
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in the electronic trapping mode~electron beam on!. Also, the
charge-state distribution is wider with heavy ions than w
light ions. This increases the chance that gains and losse
ions of the species of interest that are due to CX proces
with other ions largely cancel for charge states near
middle of the distribution. The present decay curves do
yield clear information in this respect. However, assum
ion loss rates as quoted above, we expect systematic shif
order 1% for lifetimes of about 2 to 5 ms, and of 10% f
lifetimes of about 20 to 50 ms, with the apparent lifetim
always being shorter than the true atomic lifetimes. Suc
correction is negligible~in comparison to the statistical un
certainty! for the short lifetimes measured here, but is qu
notable for the long ones. We present lifetime results ba
on the raw data and corrected for a probable ion stor
lifetime of 300 ms, assuming half of the associated loss r
as the likely error of the correction.

We aimed at lifetime measurements of all candidate lin
The strongest line in the visible spectrum of krypton in
electron beam ion trap, the 3s23p2 3P1-3P2 transition in Si-
like Kr XXIII , has been presented separately as it showed
culiarities when studied with high-spectral resolution@8#.
Being such a prominent spectral feature, this line was
obvious choice for trying out the lifetime measurement c
pabilities of electron-beam ion traps. However, as might
expected with a different measurement technique, the
attempts@7,17# for different reasons turned out less than s
isfactory, before in a third step, a clean measurement
achieved@8#. A calculation~see below! has been performed
that perfectly corroborates our latest~and probably last! ex-
perimental lifetime result@8#.

Of the remaining lines, six appeared strongly in the s
vey spectra. However, the combination of our photomu
plier tube~with a nominal working range 300–630 nm! and
of the available filters restricted the coverage somewhat.
example, a~nominally! 315 nm filter with a 5 nmbandpass
did not let pass any signal of the 313.4 nm transition~S-like
Kr XXI 3s23p4 3P2-3P1). In another case, our filters permi
ted only the simultaneous observation of two lines, no
recording of individual decay curve data. This, of cours
adds some ambiguity to the interpretation of those data.
basic measurement parameters of all our cases covere
listed in Table I. In the following, the observations and inte
pretations are listed by isoelectronic sequence. The lifet
results are summarized and compared to theory in Table

A. Kr XXIII

According to the NIST compilation of spectroscopic re
erence data,1 the five levels of the 3s23p2 configuration have
been experimentally determined, the1S0 level, however, be-
ing affected by a larger uncertainty. We have performe
HFR calculation for KrXXIII using the configuration se
3s23p213p413s3p23d13s23d213p23d213s3d313d4.
The calculated eigenvalues were adjusted to the NIST lev

1Accessible at the Web address: http://physics.nist.g
PhysRefData
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r
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TABLE I. Ionic systems and measurement parameters. The investigation on KrXXIII has been reported elsewhere@8#.

Production threshold~eV! Electron-beam energy~eV! Filter mean wavelength
Ion Spectrum Sequence @40# used in this work and bandpass~nm!

Kr171 Kr XVIII K 588 650–750 640/10
Kr181 Kr XIX Ar 604 750–1150 415/45
Kr181 Kr XIX Ar 604 750–950 570/50
Kr211 KrXXII P 886 1350 345/10
Kr221 Kr XXIII Si 935 1000–1400 385/5
Kr??1 Kr ~Unidentified! '500 ~exp.! 750–950 570/50
no
n-
si

h

y

a
f

Adopting also a scaling factor of 0.95 for the parameters
fitted ~except for the spin-orbit integrals which were left u
changed!, the following results were deduced for the tran
tions depopulating the3P2 level: 3P0-3P2 (E2): A
54.594 s21, 3P1-3P2 (E2): A56.88231023 s21,
3P1-3P2 (M1): A5143.5 s21. The lifetime value calculated
for the 3P2 level is t56.75 ms that agrees quite well wit
the latest experimental result@8#. This calculation is also an
improvement over the ‘‘old’’ HFR calculation published b
04251
t

-

Biémont and Bromage@26# using a similar technique but
smaller configuration basis set that leads to a value ot
56.46 ms.

B. Kr XXII

In the P-like ion Kr211, the 2D5/2
o level of the 3s2 3p3

ground configuration decays predominantly to the4S3/2
o

ground level~at a wavelength of 91.2 nm@21#, a wavelength
re
TABLE II. Comparison of predicted and measured upper-level lifetimest for the krypton ions studied. The wavelengths given a
rounded literature values~see text!.

Wavelength Lifetime~ms!
Spectrum Transition ~nm! experiment Theory

Kr XVIII 3s23p63d 2D5/2→2D3/2
o 636.9 22.761.0 ~This work! 24.6 @38#

24.0@38# a

23.8 @39#

24 @6#

23.8c

Kr XIX 3s23p53d 3P2
o→3P1

o 402.7 2.2060.2 ~This work! <5 @6# b

1.52d

Kr XIX 3s23p53d 3F2
o→3F3

o 579.3 4.260.5 ~This work! <10 @6# b

4.20d

Kr XXII 3s23p3 2D5/2
o →2D3/2

o 344.6 0.8060.03 ~This work! 0.73 @27#

0.72 @28#

0.78 @21#

0.78c

0.81d

Kr XXIII 3s23p2 3P2→3P1 384.2 6.8260.1 @8# 6.46 @26#

6.78@26# a

5.83 @41#

6.69@41# a

6.85 @21#

6.75c

Kr ~Unidentified! 545.3 '4.2 or 4065 ~This work!
~not individually observed!

suggested identification
Kr XVII 3p63d2 3P2→1D2 546c 8.6c

10.2 @42#

aTheoretical results afterwards adjusted for the experimental transition energy.
bBranched decay, reference quotes calculation for observed branch only.
cThis work, HFR calculation~see text!.
dThis work, MCDF calculation~see text!.
1-4
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EXPERIMENTAL M1 TRANSITION RATES IN . . . PHYSICAL REVIEW A 64 042511
not presently accessible to us!, while a 14% branch fraction
decays to the2D3/2

o level. This branch has been predicted
occur at a wavelength of 344.6 nm@21#, and it has been
observed at 346.47 nm@7,14#. Kaufman and Sugar@21# pre-
dict a total decay rate of 1282 s21, or a level lifetime of 0.78
ms, which renders this the shortest-lived of the ones
present interest. This value has been confirmed by our
(0.8060.03 ms). The ion storage-time correction is neg
gible for such a short atomic lifetime.

According to the NIST compilation~see above!, 5 levels
of the 3s23p3 configuration are known experimentally, b
only with large uncertainties. Fixing the scaling factor of t
Slater integrals in our calculations at 0.95, we varied
spin-orbit integralz3p of the 3s23p3 configuration in order
to reproduce adequately the observed wavelengths. U
the configurations 3s23p313p513s3p33d13s23p3d2

13p33d213s3p3d313p3d4, we found z3p

560750 cm21 as the best choice. The lifetime value of th
2D5/2

o level was then deduced by combining the four tran
tions that originate from that level, i.e.,4S3/2

o -2D5/2
o : AM1

51098s21, 2D3/2
o -2D5/2

o : AM15172.7 s21, 4S3/2
o -2D5/2

o :
AE259.207 s21, 2D3/2

o -2D5/2
o : AE258.01231023 s21. This

leads to a lifetime value oft50.78 ms, in very good agree
ment with our experimental result. Earlier predictions, fro
calculations with smaller configuration sets@27,28#, were
lower by about 10%, which is outside our error estima
Adopting the MCDF method, but with a smaller set of no
relativistic configurations~i.e., 3s23p313s3p33d13p33d2

13p5), the calculated lifetime result ist50.81 ms, a result
that is in excellent agreement both with experiment and w
the HFR result. We note that Mendoza and Zeippen@29#
have also treated P-like ions, but not as high in charge
Kr211.

C. Kr XIX

The 3p53d level structure in Ar-like ions of the iron
group has been studied theoretically by Wagner and Ho
@30# who also applied semiempirical corrections after so
forbidden lines had been identified as arising from such i
@31#. Of the twelve 3p53d levels ~Fig. 3!, only the three
levels with J51 can decay to the 3p6 1S0 ground state via
electric dipole (E1) transitions. These threeJ51 levels have
lifetimes that differ by several orders of magnitude. The fa
est decay (1P1

o level! is easily observed in various plasm
@32#, whereas the next slower one (3D1

o) is often quenched
collisionally ~except in low-density tokamak plasmas@32# or
in the beam-foil light source!, while the decay of the longest
lived of these levels (3P1

o) remains elusive so far@33#. A
similar situation is found in Kr-like ions, and there even
trend reversal leading to a lifetime increase with higher io
charge has been found in beam-foil observations of
4p54d 3D1

o level decay@34#.
All other 3p53d levels in Ar-like ions decay only via

higher-multipole order transitions~like M1 or M2) to each
other or the ground state, if at all. Crespo Lo´pez-Urrutia
et al. @6# include estimates of theM1 transition rates~that is,
of the directly observed transitions! with their identifications
04251
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of the 3p53d 3P1
o-3P2

o and 3F3
o-3F2

o lines. In both cases, the
present lifetime measurements yield total decay rates tha
higher than those transition rates by about a factor of two
three. Such a difference might indicate that other decay ch
nels are present, and theM2 decays of theJ52 levels to the
ground state are obvious candidates for those. However
calculations of these branches seem to have been publis
In order to alleviate this lack of comparison data, new HF
and MCDF calculations have been undertaken. The full
of calculations and results will be presented elsewhere@35#.
Here, we will discuss only that part of the paper that rela
to the immediate context of our experimental study.

In addition to the intraconfiguration deexcitation byM1
andE2 transitions, the3P2

o and 3F2
o levels of the 3s23p53d

configuration can decay to the ground 3p6 1S0 level through
M2 channels. TheseM2 contributions cannot be obtaine
directly with the aforementioned Cowan code. For that r
son, we have estimated their contribution with a fully re
tivistic ab initio approach ~MCDF method, Grant code
@23,24#!. Using a set of three nonrelativistic configuration
i.e., 3s23p53d13s3p63d213p63d3, which are expected to
catch the largest part of the correlation effects, we have v
fied that theM2 contributions were of the same order
magnitude as theM1 ones. More precisely, the numeric
results were as follows:1S0-3P2

o AM25444.1 s21, 1S0-3F2
o

AM25132.8 s21, 3P1
o-3P2

o AM15213.5 s21, 3F3
o-3F2

o AM1

585.90 s21, 3P1
o-3F2

o AM150.653 s21, and 3P2
o-3F2

o AM1

518.81 s21. TheE2 contributions were found to be substa
tially smaller, the largest ones being3P0

o-3F2
o AE2

50.329 s21, 3P1
o-3F2

o AE250.776 s21, and 3P2
o-3F2

o AE2

FIG. 3. Level scheme of the 3s23p53d levels in the Ar-like ion
Kr181 ~Kr XIX !. The level energies are from our calculations, a
thus, are approximate only. Arrows mark theM1 transitions ob-
served here. The other connecting lines indicate important de
branches that involve the levels of present interest directly~compet-
ing M2 decay! or as major direct and indirect cascades from lev
with millisecond and longer lifetimes.
1-5



le

c-

ri-
he

he
-
n

th

-
u

ad

o
d
lt

n
a-
tl

io
ul
s-

th
e
u

e
fro
nt
e

p
di

h
m
ca
in

-fo
rre
a
e

ur
t

e
2.
m

r of

as

e

ly

tical
i-
rves
by
ay
ted

line
ver,
he
om-

h
ur
cal-
nt

her

xi-

di-

tors

ac-
en.

and
a

of

but
he
-
A

ur
es,
v-
li-

tate,
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56.3731022 s21 and, consequently, play a negligible ro
in the present context.

From the above calculations, lifetime values oft (3P2
o)

51.52 ms andt (3F2
o)54.20 ms were deduced. The se

ond result is in excellent agreement with the experiment~see
below! while the first one is notably lower than the expe
mental finding of 2.0 to 2.4 ms. This might indicate that t
calculated transition probability of the1S0-3P2

o M2 transi-
tion is too large, possibly caused by the neglect of ot
configurations within then53 complex due to computer ca
pability limits. This point was checked by a HFR calculatio
with a larger configuration set within then53 complex than
in the MCDF calculation above. However, when adding
3s3p33d413s3p3d613p53d313p3d7 configurations, the
transition rate of theM1 3P1-3P2 transition was modified
only in a minor way, toA (HFR)5214.6 s21. It was also
verified that adding then54 excitation has a negligible ef
fect on the final results. This stability of the theoretical res
suggests that the experimental lifetime value for the3P2
may be affected by other factors, for example, by casc
repopulation~see discussion below!.

Our only filter that permitted to see the 402.7-nm line
Ar-like Kr XIX (3p53d 3P1

o-3P2
o) was centered at 415 nm an

had a bandpass of 45 nm. In order to ascertain that this fi
blocked out the strong 384-nm line of KrXXIII , decay curves
were recorded at various electron-beam energies dow
below the excitation threshold of the Si-like ion. No vari
tion of the apparent lifetime was found, and thus, apparen
no contamination was suffered. However, if contaminat
was present, the ratio of the two lifetime components wo
be about three to four. It would be difficult to properly di
entangle such a case.

Another such disentanglement problem arises from
term structure of KrXIX itself. Assuming that the decay curv
~Fig. 1! is dominated by a single component, a lifetime res
of 2.160.1 ms will be obtained. However, the 3p53d 3P2

o

level lies below theJ52, 3, 4 levels of the other terms of th
same configuration, and hence, cascade repopulation
those levels has to be considered. This problem is also hi
at by the result of our calculation that yields a lifetime pr
diction of 1.5 ms for the3P2

o level. Fitting an additional
major decay component to the same decay curve data, a
mary lifetime of about 2.0 ms was obtained, with the ad
tional component showing a time constant of about 9 m
However, the statistical reliability of the data is not hig
enough to determine whether this is, in fact, a single do
nant component or whether this is representing several
cades. Anyway, several cascades with time constants with
factor of three of each other, have been tackled in beam
spectroscopy for decades, and it is known that only co
lated cascade analyses can provide reliable lifetime dat
such cases. As it happens, one of the cascades, a 20% d
branch of the 3p53d 3F2

o level, has been measured in o
experiment~see below!, but its lifetime of 4.2 ms appears no
to be the only one contributing to the 3p53d 3P2

o level decay
curve. With the variety of options of how to interpret th
decay curve data, we present a lifetime result of
60.2 ms that includes both major variants. In such a co
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plex cascade situation, alas, an overall systematic erro
order 30%~towards a too-long apparent lifetime! is conceiv-
able ~but not verifiable with our present means!. Therefore-
,the calculated lifetime of 1.5 ms should not be considered
being contradicted by the present evaluational results.

For lack of more specific filters, another line in Ar-lik
Kr XIX ~@3p53d 3F3

o-3F2
o#, l5579.3 nm@6#! and an uniden-

tified forbidden line at 545.3 nm were observed joint
through a 570-nm, 50-nm bandpass filter~Fig. 2!. Here, a
very long observation time was needed to ensure a statis
reliability that would permit the analysis of a mult
component superposition of decay curves. The data cu
clearly yielded two decay components that are different
about a factor of ten. The individual fit results for the dec
components, however, varied by about 10%. It was expec
that at the lower electron-beam energy, the unidentified
would dominate, and vice versa. The experiment, howe
showed only a little, inconclusive change of the ratio of t
two decay amplitudes. We assume that the shorter-lived c
ponent belongs to the transition of interest in KrXIX , because
a previous calculation@6# that included a single decay branc
only must provide an upper bound to the true lifetime. O
calculations indeed corroborated this assumption, with a
culated level lifetime of 4.2 ms that is in perfect agreeme
with our experimental finding.

For now, however, it remains an open question whet
the measured lifetime value belongs to the KrXIX 3F2 level
exclusively or whether the unidentified line has an appro
mately similar time constant~which would also explain why
no significant variation occurred when the excitation con
tions were changed!. After all, in the nonrelativistic limit,
M1 transition rates depend only on Racah geometry fac
and the transition energy@18#, and with transitions of similar
wavelengths, an incidental coincidence of the geometry f
tors, and thus, of the transition probabilities might happ
The slower decay component of about 36 ms~raw data! re-
quires the largest correction for the assumed ion loss rate
thus would correspond to a level lifetime of order 40 ms in
collision-free environment.

The situation is further complicated by the pattern
dominant transitions in the level scheme of KrXIX ~see Fig.
3!, involving several levels with~calculated! millisecond
lifetimes. The 3D3 level decays predominantly to the3P2
level, but also to3F2 and 3F3. The 3F2 level decays to3P2
~the aforementioned cascade!, but also to3F3, a level with a
two-second lifetime that in turn then repopulates the3P2
level. Thus, some delays appear in the cascade chain,
also the millisecond lifetime component that is due to t
3D3 level. From our HFR and MCDF calculations, the life
time of this level is predicted in the 1.45 to 8 ms range.
problem of the latter calculation is the large difference~a
factor of 4 to 6! between the transition rate results of o
exploratory calculations in Coulomb and Babushkin gaug
of which the latter~related to the length gauge in nonrelati
istic calculations! is generally assumed to be the more re
able one. Interestingly, the lowest level of the3F term, 3F4,
is predicted to have a lifetime of more than 30 000 s~taking
M1, E2, andM2 decay channels into account!. This would
be enormous for a level some 80 eV above the ground s
1-6
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and it might call for more detailed calculations that inclu
even higher multipole-order radiation (M4 decay to the-
ground state?!. Of course, in a real-world environment, suc
a long natural lifetime would appear shortened by collisio
and electromagnetic fields.

D. Kr XVIII

The 636.9-nm line of K-like KrXVIII was barely seen
through a 640-nm~bandpass 10 nm! filter, because of the
poor efficiency of the detector in this range. Also, the fi
ment of the electron gun in EBIT-II had to be reduced
temperature~and thus, the electron-beam current! in order to
reduce the red stray light reaching the detector through
filter. Nevertheless, within about 24 h, sufficiently meanin
ful decay data were accumulated that yielded a lifetime of
ms. Adding to this an estimate of the ion storage time and
associated uncertainty, a lifetime of (22.761.0) ms was
found.

For K-like Kr XVIII , Yang and Li@36# have calculated the
3d fine-structure interval~in reasonable agreement with a
experimental value obtained from wave-number differen
of allowed transitions@11,37#! and oscillator strengths o
3d-4 f transitions, but not the probability of the forbidde
transition of present interest. However, the wanted the
data are available from Ali and Kim@38# and from Biémont
and Hansen@39#, and we add a calculation to these, to
According to the aforementioned NIST compilation, t
level 3p63d 2D5/2 of the ground configuration of KrXVIII

is well established (E515 694 cm21). By considering,
inside the n53 Layzer complex, the set of con
figurations 3s23p63d13s23p43d313s23d713s3p63d2

13p63d313p23d713d9, and by using average energy an
spin-orbit parameters deduced by a least-squares adjust
of the levels, we have obtained for 3p63d 2D5/2 a theoretical
lifetime t523.87 ms. Some correlation effects involvin
distant configurations, not explicitly introduced in the phy
cal model, were implicitly considered by scaling down t
Slater integrals. The weightedM1 transition probability cor-
responding to the above lifetime result isA541.90 s21, the
E2 contribution being negligible atA.2.6031024 s21.
The scaling factors of the integrals, not adjusted in the c
culation, were arbitrarily fixed at 0.95~except for the spin-
orbit integrals that were kept at theirab initio values!, but it
was verified that the calculated lifetime is not depend
upon the choice of the scaling factors. The calculated l
time is near the upper limit of the present measurement
its uncertainty (t522.761.0 ms). It is also very close to th
semiempirical result deduced previously by a similar H
method by Bie´mont and Hansen@39#, i.e., t523.85 ms.

E. Kr XVII-XIV

For Kr ions in lower-charge states~say, the Ca through V
isoelectronic sequences!, such as for the one indicated by th
excitation function for the aforementioned unknown line, t
NIST database holds no entries on levels or transition ra
and earlier searches based on Cowan code calculations f
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to suggest a suitable identification. The main indicator
follow is the wavelength, and thus, the transition energy. T
observed time constant~of either 4 ms or of 40 ms, se
discussion above! may relate either to the upper level of th
transition or to a cascading level, possibly a high-J level of
the same term, that feeds it. One possible identification fr
our calculations is that with the 3p63d2 1D2-3P2 transition
in Ca-like KrXVII . The predicted wavelength~546 nm! is
almost coincident with the observation~545.3 nm!, and the
upper-level lifetime, predicted as 8.6 ms, is of the right ord
of magnitude. Given the limited accuracy of the fin
structure energy calculation, the wavelength coincide
may be fortuitous and is not sufficient as a proof of identi
However, several other transitions in the same configura
are predicted to give rise to lines in the near vacuum ul
violet, which can eventually be probed spectroscopically a
will then help to establish the level structure in more deta

The same holds for the vast number of levels in the 3d3

ground configuration of~Sc-like! Kr XVI and in the 3d4

ground configuration of~Ti-like! Kr XV, and so on. Our cal-
culations indicate level lifetimes that are typically in th
range between one millisecond and one second, and tra
tion wavelengths that range from the infrared to the n
vacuum ultraviolet. While some of the lines by virtue of the
predicted wavelength~and compatible upper-level lifetime!
might be alternative candidates for the unknown line d
cussed above, such identifications would then require the
pearance of~admittedly weaker! other decay branches from
the same upper level, or of certain other lines from the sa
ion. There is not enough evidence in the spectra for eithe
those, which leaves the identification suggested above as
presently best choice. The first decay component then re
sents a blend of two decays with not very different upp
level lifetimes, while the second, slow decay component m
represent a superposition of cascade contributions; we h
not been able to identify a fitting individual level of thi
lifetime in a likely decay chain.

The vast number of transitions in the ground configu
tions of 3d shell ions, however, also implies that most of t
individual lines will be weak. Therefore, these lines are n
prominent, but must appear as part of the spectral ba
ground in the prism spectrometer survey spectra recorde
the electron-beam ion trap@6#. Future EBIT work at higher
spectral resolution, and at rather low electron-beam energ
can be expected to reveal a wealth of information on th
configurations.

V. CONCLUSIONS

In all cases studied in the present paper~and including
Kr XXIII @8#!, there is satisfactory agreement of measurem
and calculation, if the latter is adjusted to the experimen
term differences. This, however, is a problem for the use
forbidden lines, as the experimental data base is grossly
complete and insufficient for reliable isoelectronic analys
The confirmation of suggested line identifications thresh
testing using the electron-beam energy in EBIT and now
lifetime determination should help to improve predictions f
1-7
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neighboring elements, so that eventually, a more comp
data set can be derived for its many uses in terrestrial
extraterrestrial plasma diagnostics.

In Ar-like Kr XIX , two levels have been identified tha
decay about equally byM1 andM2 branches in the visible
and vacuum ultraviolet~VUV ! ranges. Such line pairs ma
be of interest in plasma diagnostics, as the calculation
both branches can be done about equally well, and thus
prediction of the branching ratio can be assumed to be s
larly reliable. This is in contrast to the frequently used pa
of in-shell and intershell decays of which the latter is mu
more reliably calculated than the former. Measurements
calculations need to be combined to make certain that
decay branches of a given level are being considered. A
all, it is a feature that in laboratory experiments on low-lyi
excited levelsM1 andE2 transitions compete withM2 tran-
sitions and possibly even higher-order multipole decays.
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Note added in proof.The 40 ms second lifetime compo
nent in the decay curve of the KrXVII line ~Table II! has
meanwhile been recognized as an artifact related to the t
poral thermal response of the electron gun.
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@13# E. Träbert, P. Beiersdorfer, G.V. Brown, A.J. Smith, M.F. G

and D.W. Savin, Phys. Rev. A60, 2034~1999!.
@14# F.G. Serpa, E.W. Bell, E.S. Meyers, J.D. Gillaspy, and J

Roberts, Phys. Rev. A55, 1832~1997!.
@15# F.G. Serpa, C.A. Morgan, E.S. Meyer, J.D. Gillaspy,
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